I
n eukaryotic cells, small RNAs participate in diverse processes including the regulation of gene expression, control of chromatin structure, and suppression of transposons (1) . Among the various families of small RNAs, microRNAs (miRNAs) have attracted considerable attention because of their increasingly recognized importance in development and disease (2) . miRNAs are [18] [19] [20] [21] [22] [23] [24] nucleotide RNAs that regulate the translation and stability of target messenger RNAs (mRNAs). The biogenesis of miRNAs initiates with RNA polymerase II-mediated transcription of long primary transcripts known as pri-miRNAs, which are capped, polyadenylated, and usually spliced (3) . Within these transcripts, a region containing the miRNA sequence forms a double stranded hairpin structure that is excised in the nucleus by the endonuclease Drosha and its obligate partner DGCR8. The liberated miRNA hairpin, referred to as the premiRNA, is exported to the cytoplasm where it undergoes further processing by the Dicer endonuclease to produce a short double-stranded RNA duplex. One strand of this duplex, destined to become the mature miRNA, associates with a member of the argonaute family of proteins, core components of a large assembly known as the RNA-induced silencing complex (RISC). The miRNA then guides RISC to sites of imperfect complementarity within mRNAs, leading to translational repression or accelerated turnover of the target.
Early studies of miRNA function in C. elegans and Drosophila revealed important roles for these RNAs in the regulation of cellular differentiation, proliferation, and death (4) (5) (6) . Consistent with these activities, a large body of evidence has since documented that miRNA dysfunction contributes to cancer pathogenesis in humans. miRNA expression patterns in cancer cells are globally abnormal compared with normal tissues (7) . These expression patterns are highly informative for tumor classification, staging, and prognosis. Moreover, specific miRNAs possess potent oncogenic and tumor suppressor activity, demonstrating that miRNA gainand loss-of-function functionally contributes to tumorigenesis (8) . For example, the miR-17-92 cluster, a group of 6 miRNAs cotranscribed from a locus on human chromosome 13, is frequently amplified in B lymphoma and other tumor types (9) . Enforced expression of these miRNAs promotes tumorigenesis in animal models of hematopoietic and solid malignancies (10, 11) . Conversely, the let-7 family of miRNAs are known to act as tumor suppressors. These miRNAs down-regulate oncogenes such as Ras, Myc, and HmgA2 and inhibit proliferation and tumorigenesis when ectopically expressed (12) (13) (14) (15) (16) (17) (18) (19) (20) . Accordingly, multiple loci that encode let-7 miRNAs are frequently deleted in cancer cells (21) .
Multiple mechanisms contribute to aberrant miRNA expression in cancer cells. We and others have previously demonstrated that miRNAs are critical downstream components of key oncogenic and tumor suppressor signaling pathways (22, 23) . Gain-or loss-offunction of these pathways in tumor cells directly influences miRNA expression, which consequently affects malignant cellular behavior. This is well illustrated by the program of miRNA expression controlled by the c-Myc oncogenic transcription factor (Myc), one of the most commonly activated oncoproteins in human cancer (24) . Myc directly induces expression of the miR-17-92 cluster, which subsequently promotes proliferation, inhibits apoptosis, and promotes tumor angiogenesis (10, 11, 25, 26) . Furthermore, Myc activation leads to widespread repression of many additional miRNA genes including several with known tumor suppressor activity such as members of the let-7 family, miR-15a/16-1, the miR-29 family, and miR-34a (27) . Myc associates with the promoters of these miRNA genes, suggesting direct transcriptional repression. Enforced expression of several of these miRNAs potently suppresses tumorigenesis, supporting a critical role for miRNA repression in the Myc oncogenic program. Interestingly, widespread miRNA down-regulation has been observed in many human tumors (28, 29) . Given the frequency of Myc hyperactivity in cancer, this oncoprotein likely contributes to this phenomenon.
In the present study, we have investigated mechanisms downstream of Myc, which contribute to miRNA repression. Consistent with transcriptional repression, we find that the abundance of multiple pri-miRNAs is reduced in the high Myc state. Unexpectedly, however, we observed that despite repression of mature let-7 family members upon Myc activation, the levels of multiple let-7 primary transcripts are not reduced under these conditions. This observation suggests posttranscriptional regulation of let-7 expression. Recently, the Lin-28 and Lin-28B RNA binding proteins were described as negative regulators of let-7 biogenesis (30-34). These proteins directly inhibit both Drosha-and Dicer-mediated processing of let-7 family members and accelerate decay of let-7 precursors. Here, we demonstrate that Lin-28B is induced by Myc and is necessary and sufficient for Myc-mediated repression of let-7 miRNAs. Accordingly, loss-of-function of Lin-28B impairs Mycmediated proliferation. These findings provide insight into mechanisms that contribute to miRNA repression in cancer and highlight an important role for let-7 repression in Myc-driven cellular phenotypes.
Results

Posttranscriptional Repression of let-7 Family Members by Myc.
We previously demonstrated that activation of Myc in human and mouse models of B cell lymphoma leads to up-regulation of the miR-17-92 cluster and down-regulation of numerous miRNAs including multiple let-7 family members, miR-22, and miR-34a (26, 27) . To investigate the mechanisms through which Myc regulates these miRNAs, we used quantitative real-time PCR (qPCR) to examine the abundance of their primary transcripts in P493-6 cells, a model of human B cell lymphoma with tetracycline (tet)-repressible Myc expression (35) . Consistent with regulation at the transcriptional level, we observed induction of the primary transcript encoding the miR-17-92 cluster and repression of the primary transcripts encoding miR-34a and miR-22 in the high Myc state (Fig. 1A) . In contrast, we unexpectedly found that the abundance of the let-7a-1/let-7f-1/let-7d and let-7g primary transcripts were not repressed under these conditions. We previously showed that the mature miRNAs derived from these transcripts are downregulated under conditions of high Myc activity (27) . qPCR further confirmed that mature let-7g is down-regulated by Ϸ2-fold by Myc in these cells (Fig. 1B ). These findings demonstrate that Myc utilizes multiple mechanisms to repress miRNA expression and specifically down-regulates multiple let-7 family members through a posttranscriptional pathway.
Myc-Mediated Induction of Lin-28B Expression. Recently, the Lin-28 and Lin-28B RNA binding proteins were demonstrated to bind directly to let-7 stem loops and inhibit biogenesis of these miRNAs by blocking both Drosha-and Dicer-mediated cleavage and accelerating decay of let-7 precursors (30-34). We therefore speculated that induction of Lin-28 or Lin-28B by Myc could mediate repression of let-7 family members. To test this hypothesis, we first used RT-PCR to assay for expression of Lin-28 transcripts in P493-6 cells. Although Lin-28 expression was undetectable, Lin-28B was expressed in these cells specifically in the high Myc state (Fig. 1C) . qPCR and Western blot analysis further documented that induction of Myc results in increased Lin-28B mRNA and protein abundance in this system ( Fig. 1 D and E) . To confirm that Lin-28B is induced by Myc in other settings, we examined 2 additional in vivo models with regulated Myc expression: a mouse B lymphoma model with estradiol-regulated Myc activity (36) and a mouse colon cancer model in which cells are transformed by Ras alone (low Myc) or by simultaneous expression of Ras and Myc (high Myc) (10) . In tumor tissue from both model systems, activation of Myc resulted in elevated Lin-28B expression (Fig. 1 F and G) .
Myc Directly Transactivates Lin-28B Expression. To determine whether
Lin-28B is a direct Myc target gene, we first performed chromatin immunoprecipitation (ChIP) to assess whether Myc associates with the genomic locus that encodes this protein. When transactivating target genes, Myc binds to enhancer (E)-box sequences, typically CACGTG or CATGTG (37) . Within a 10-kb window centered on the transcriptional start site (TSS) of Lin-28B, 7 putative Myc binding sites conforming to these sequences are present on either strand, with 3 sites showing conservation between human and mouse ( Fig. 2A , conserved sites in red). Real-time PCR amplicons were designed to assay for all 7 putative binding sites in ChIP samples. Clear evidence for Myc association with this locus was obtained with strongest binding occurring within a region containing a conserved E-box located within the first intron of Lin-28B (Fig. 2B, amplicon 3 ). Myc is known to frequently bind to sites in the first intron of its transcriptional target genes (37) . Signals were dramatically reduced when Myc expression was inhibited by treatment with tet, demonstrating the specificity of these findings. No evidence was obtained for Myc binding to regions located further upstream or downstream of Lin-28B intron 1 (Fig. 2B , amplicons 1, 6, and 7). These data demonstrate that Myc interacts directly with the Lin-28B promoter.
To directly examine the ability of Myc to transactivate the Lin-28B promoter, a genomic fragment extending from 1.4 kb upstream to 1.4 kb downstream of the TSS was cloned upstream of a promoterless luciferase reporter cassette (Fig. 2C ). This region contains the E-boxes downstream of the TSS, which exhibited Myc binding. This fragment was sufficient to drive Myc-dependent reporter activity when introduced into P493-6 cells (Fig. 2C , construct P1). Equivalent Myc-dependent reporter activity was conferred by a truncated fragment extending from 266 bp upstream to 1.4 kb downstream of the TSS that also contains the E-boxes (Fig.  2C , construct P2) whereas a fragment lacking the E-boxes did not exhibit transcriptional activity (Fig. 2C, construct P3 ). Taken together with the results demonstrating Myc-mediated up-regulation of Lin-28B expression and direct binding of Myc to the Lin-28B promoter, these data provide compelling evidence that Lin-28B is a direct Myc target gene.
Lin-28B Loss-of-Function Impairs Myc-Mediated let-7 Repression and
Proliferation. To test whether Lin-28B is necessary for Mycmediated repression of let-7 family members, we used 2 different short interfering RNAs (siRNAs) to inhibit Lin-28B expression in P493-6 cells in the high Myc state. Significant knockdown (Ϸ70-80% reduction in Lin-28B mRNA abundance compared with negative control siRNA) was observed as early as 24h after siRNA delivery and reduced Lin-28B levels were maintained for at least 96h (Fig. 3A) . Lin-28B knockdown completely reversed Mycmediated repression of mature let-7g, documenting its essential role in this process (Fig. 3B) . Furthermore, P493-6 cells with Lin-28B inhibition exhibited markedly impaired proliferation (Fig. 3C) . Thus, Lin-28B provides functions that are critical for Myc-mediated cellular phenotypes including let-7 repression and enhanced proliferation.
Let-7 family members are known to have potent antiproliferative activity (13, 38) . We therefore hypothesized that the impaired proliferation of P493-6 cells lacking Lin-28B function was a consequence of elevated levels of these miRNAs. To test this directly, we coadministered Lin-28B siRNA along with let-7 antisense inhibitors. Because our earlier studies documented that P493-6 cells express the let-7a-1/let-7f-1/let-7d, miR-99a/let-7c/ miR-125b-2, and let-7g transcription units (27) , we used a pool of inhibitors directed against let-7a, let-7c, let-7d, let-7f, and let-7g to simultaneously reduce activity of all family members expressed from these loci. Northern blot analysis confirmed a reduction in the abundance of let-7a, let-7d, and let-7g after administration of the inhibitors (Fig. S1) . It was not possible to assess let-7c and let-7f knockdown because high levels of cross-hybridization preclude accurate measurement of these miRNAs by Northern blot analysis (27) . The let-7 inhibitors had no effect on proliferation of cells transfected with control siRNA (Fig. 3D) . In contrast, the let-7 inhibitors caused a moderate, but statistically-significant, increase in the rate of proliferation of cells transfected with Lin-28B siRNA. Therefore, activity of let-7 miRNAs contributes to the slow growth phenotype associated with Lin-28B knockdown. It is possible that residual function of let-7 family members in inhibitor-treated cells prevented a more complete rescue of the Lin-28B knockdown phenotype. However, these data are also consistent with the existence of additional let-7-independent functions of Lin-28B that are necessary for normal rates of proliferation. Lin-28B 
Lin-28B Plays a Limited Role in Myc-Mediated miRNA Repression Beyond
the let-7 Family. We next investigated the broader role of Lin-28B in the regulation of Myc-responsive miRNAs and protein-coding genes. To examine the consequences of Myc-mediated induction of Lin-28B in isolation from the more widespread effects of Myc hyperactivity, P493-6 cells were infected with a retrovirus that stably expresses Lin-28B (MSCV-Lin-28B) or empty vector (MSCVempty) as a control. Importantly, the level of enforced Lin-28B expression in these cells in the low Myc state (ϩtet) closely mirrored the endogenous level of expression that is induced in the high Myc state (Ϫtet) (Fig. 4A) . Tet-treated P493-6 cells with enforced expression of Lin-28B fully recapitulate Myc-mediated repression of let-7a, let-7d, and let-7g (Fig. 4B ). Taken together with the results from the knockdown experiments ( Fig. 3 A and B ), these data demonstrate that Lin-28B is necessary and sufficient for Mycmediated let-7 repression. As expected, miR-34a was not repressed by Lin-28B, consistent with our earlier findings suggesting transcriptional repression of this miRNA by Myc ( Fig. 1 A and 4B ). Of note, enforced expression of Lin-28B in this cell line is not sufficient to drive Myc-independent proliferation and does not further enhance proliferation rates in the high Myc state (data not shown).
We next used a custom microarray to determine whether Lin-28B contributes to Myc-mediated repression of additional miRNAs (Table S1 ). Comparison of miRNAs repressed Ͼ1.5-fold after Myc-activation (MSCV-empty Ϫtet vs. MSCV-empty ϩtet) to miRNAs repressed by Lin-28B (MSCV-Lin-28B ϩtet vs. MSCVempty ϩtet) revealed only 3 miRNAs other than let-7 family members shared between the conditions (miR-146a, miR-150, and miR-210; Fig. 4C ). Northern blot analysis validated these findings but also demonstrated that enforced Lin-28B expression only partially recapitulates Myc-mediated repression of these miRNAs (Fig. 4D) . Thus, Lin-28B plays a limited role in the widespread program of Myc-mediated miRNA repression beyond regulating let-7 family members.
To examine the broader impact of Lin-28B-mediated repression of let-7 on gene expression, we performed Affymetrix microarray analysis. 538 genes with annotated 3Ј UTRs were measurably up-regulated (Ͼ1.2-fold) in cells with enforced Lin-28B expression.
Within this set of 3Ј UTRs, heptamer and hexamer motifs that contain matches to the let-7 seed sequence were significantly enriched (Fig. 4E) . Thus, Lin-28B-mediated repression of this family of miRNAs has a measurable impact on gene expression in these cells. We did not observe enrichment for matches to the seed sequences of the additional miRNAs repressed by both Myc and Lin-28B (miR-146a, miR-150, and miR-210) further supporting the conclusion that regulation of let-7 miRNAs is the major function of Lin-28B in the Myc program of miRNA repression.
Discussion
Lin-28 was first described as an important regulator of early developmental timing in C. elegans (39) . The mammalian orthologue of Lin-28 also plays a role in early development and is highly abundant in embryonic stem (ES) cells and during embryogenesis after which its expression decreases (40) . An additional Lin-28 homolog, Lin-28B, was identified as a highly expressed gene in hepatocellular carcinoma cells (41) . Recently, Lin-28 and Lin-28B were demonstrated to function as negative regulators of let-7 biogenesis (30) (31) (32) (33) (34) . These proteins are members of a highly conserved family of orthologous RNA binding proteins that contain a cold shock domain and dual zinc fingers. Through their ability to directly interact with the loop region of let-7 hairpins, Lin-28 proteins accelerate turnover of let-7 precursors and prevent both Drosha-and Dicer-mediated let-7 processing.
We have shown previously that in human and mouse models of B cell lymphoma, induction of the Myc oncoprotein leads to widespread repression of miRNA expression, including members of the let-7 family (27) . We now demonstrate that induction of Lin-28B fully accounts for the ability of Myc to repress let-7 miRNAs in a model B lymphoma cell line. Both loss-and gain-offunction experiments demonstrate that Lin-28B is necessary and sufficient for suppression of let-7 expression after Myc activation. Our earlier experiments indicated that Myc associates directly with the let-7g proximal promoter and a conserved element upstream of the let-7a-1/let-7f-1/let-7d cluster. Nevertheless, in light of the results described here, it is apparent that Myc binding to these loci does not result in transcriptional repression. Genome-wide ChIP analyses have shown that only a subset of Myc-bound loci exhibit expression changes in response to Myc activation (37), which likely explains this apparent discrepancy. Importantly, we have documented a reduction in the abundance of pri-miRNAs encoding other repressed miRNAs whose promoters are bound by Myc such as miR-22 and miR-34a, consistent with a mechanism that does involve direct transcriptional down-regulation. These results demonstrate that Myc utilizes multiple effector pathways, both transcriptional and posttranscriptional, to elicit broad miRNA repression. Although Lin-28B plays a highly specific role in miRNA repression downstream of Myc, induction of this protein, and the resulting down-regulation of let-7 miRNAs, can strongly influence cellular behavior. We have shown that Lin-28B loss-of-function significantly impairs Myc-driven proliferation in a manner that is at least partly dependent on a resulting up-regulation of let-7 miRNAs. Consistent with this result, a large body of evidence has documented potent anti-proliferative and tumor suppressor activity for the let-7 family. Eight distinct loci in the human genome encode let-7 homologs and 4 of these loci are known to be within intervals that are frequently deleted in human cancers (21) . Moreover, low let-7 expression in tumors of lung cancer patients portends poor prognosis (42, 43) . In keeping with these observations, enforced expression of let-7 inhibits cellular proliferation in vitro and suppresses tumorigenesis in vivo (12, 13, 16) . These effects are attributable to the ability of let-7 to down-regulate a program of oncogenes including Ras, HmgA2, and even Myc itself (14, 15, (17) (18) (19) (20) . Therefore, our findings establish a Myc-Lin-28B-let-7 regulatory circuit that may act in a positively reinforcing manner and likely contributes to Myc-mediated oncogenesis.
Notably, expression of Myc along with 3 other factors is sufficient to induce the reprogramming of somatic cells into a pluripotent state (44) . Lin-28 can substitute for Myc in the formation of these induced pluripotent stem (iPS) cells (45) . It is therefore tempting to speculate that the induction of Lin-28 or Lin-28B is a key downstream effect of Myc activity in iPS cell generation. Consistent with this notion, Myc has been documented to associate with the Lin-28 promoter in embryonic stem (ES) cells (46) . Although Myc binding to the Lin-28B promoter was not assayed in this earlier study, our data raise the possibility that Myc activates Lin-28B in ES cells as well. Further support for a role for Lin-28B downstream of Myc in iPS cell generation is evident in the gene expression data obtained in the course of our study. A strict statistical algorithm (see methods) was used to identify genes regulated by Myc and Lin-28B in P493-6 cells (Table S2 and Table S3 ). Based on these stringent criteria, 64 genes are induced by both Myc activation and enforced Lin-28B expression (Fig. 4F) . Gene set enrichment analysis (47) reveals overlap between these genes and genes expressed highly in ES cells, neural stem cells, and specific subsets of hematopoietic stem cells [CD45RA(hi) Lin-CD10ϩ cells]. Although future studies are necessary to evaluate the functional role of Lin-28B and let-7 repression in Myc-mediated iPS cell generation, these findings suggest that the Myc-Lin-28B-let-7 pathway described here impacts cellular behavior and identity beyond the context of cancer cell biology.
Materials and Methods
Cell Culture. P493-6 cells (from D. Eick) were cultured in RPMI medium 1640 media supplemented with 10% FBS (FBS), penicillin, and streptomycin. To repress Myc expression, cells were grown in the presence of 0.1 g/mL tetracycline (Sigma) for 
